Nanoporous niobium oxide films with microcone-type surface morphology were formed by anodizing at 10 V in glycerol electrolyte containing 0.6 mol dm -3 K 2 HPO 4 and 0.2 mol dm -3 K 3 PO 4 in a temperature range of 428-453 K. The microcones appeared after prolonged anodizing, but the required time was largely reduced by increasing electrolyte temperature. The anodic oxide was initially amorphous at all temperatures, but crystalline oxide nucleated during anodizing. The anodic oxide microcones, which were crystalline, appeared on surface as a consequence of preferential chemical dissolution of initially formed amorphous oxide. The chemical dissolution of an initially formed amorphous layer was accelerated by increasing the electrolyte temperature, with negligible influence of the temperature on the morphology of microcones up to 448 K.
Introduction
Metal oxides of controlled micro-/nano-morphologies have received increased attention due to their promising properties and applications, such as catalysis, sensors, solar energy conversion and superhydrophobicity. Anodizing of metals is one of the costeffective means for producing nano-structured metal oxide films on a range of metals and alloys. A nanoporous anodic alumina film with a hexagonal pore array [1, 2] is a well-known example of self-organized materials, and the alumina films are of great interest as templates for the preparation of various nanofibers and nanotubes [3, 4] and as nanodevices [5] [6] [7] . In the last decade, nanotubular, nanofibrous and nanoporous anodic oxide films have also been fabricated on a range of metals, including iron [8] , niobium [9, 10] , titanium [11] , tantalum [12] , tungsten [13] and zirconium [14] .
Except for the alumina films, the nanoporous and nanotubular anodic films are usually formed in fluoride-containing aqueous and organic electrolytes. The anodic films are usually amorphous and highly contaminated with fluoride species. Hot phosphatecontaining glycerol electrolyte is another interesting electrolyte, in which nanoporous anodic oxide films can be formed on aluminum, titanium and its alloys, niobium and tantalum in phosphate-containing glycerol electrolytes at elevated temperatures [15] [16] [17] [18] [19] [20] [21] . In this electrolyte, incorporation of electrolyte species is suppressed, such that relatively pure metal oxide nanoporous films are formed.
When niobium was anodized in the glycerol electrolyte containing K 2 HPO 4 and K 3 PO 4 at 433 K, unique nanoporous oxide films with microcone-type surface morphology were developed [19] . The microcones appeared on the surface only after prolonged anodizing, indicating that the microcones were disclosed as a consequence of preferential dissolution of an initially formed oxide layer. From XRD patterns of the anodized specimens, the microcones consisted of crystalline Nb 2 O 5 . The formation of crystalline anodic niobium oxide microcones were also reported in fluoride-containing aqueous electrolytes [22] [23] [24] . The microcones of niobium oxide may have many interesting potential applications. As one of examples, superhydrophilic properties and superhydrophobic properties after surface coating with fluoroalkylsilane have already been demonstrated using the microcones [19] .
For the application of the anodic niobium oxide microcones, controlling the morphology of the porous oxide films is of crucial importance. In this work, we examined the influence of electrolyte temperature on growth and morphology of niobium oxide microcones. We found negligible influence of the temperature on the morphology of niobium oxide microcones, but the formation of microcones was highly accelerated by increasing the electrolyte temperature.
Experimental details
The specimens used for anodizing were cut from 99.9% niobium sheet, of 0.2 mm thickness; individual specimens were ultrasonically degreased in acetone. The electrolyte employed for anodizing was 0.6 mol dm -3 K 2 HPO 4 + 0.2 mol dm -3 K 3 PO 4 in glycerol at temperatures ranging from 428 to 453 K. The specimens were anodized at a constant current density of 250 A m -2 to 10 V, followed by holding at 10 V for various durations. A two-electrode cell with a platinum counter electrode was used for anodizing. In some cases, the anodized specimens were kept in the electrolyte for selected periods of time without applying voltage. The anodizing and immersion were carried out under a dry nitrogen atmosphere to avoid incorporation of water into the electrolyte from humid air. The water content, measured by a Karl-Fisher titration method before anodizing, was 0.25 mass%.
After anodizing, the surfaces and cross-sections of the specimens were observed in a JEOL JSM-6500F field emission gun scanning electron microscope. The structures of the anodic films were analyzed by a Rigaku, RINT-2000 X-ray diffractometer using Cu Kα radiation under a -2 mode. After reaching 10 V, an abrupt current decrease occurs at all three temperatures.
Experimental Results

Voltage-time and current-time responses
However, current rise commences again at 453 K, and a current peak of 250 A m -2 appears before a continuous current decrease proceeds. The current increase becomes less significant at lower temperatures, and the current peak changes to a current shoulder at 433 K. However, the anodizing time necessary to obtain the current peak or shoulder, which is ~900 s, is not dependent upon the temperature. In order to examine the crystallization behavior of the anodic oxide films, X-ray diffraction patterns were measured after different periods of anodizing ( Fig. 3 ). At all temperatures of 433, 443 and 453 K, the peaks of crystalline Nb 2 O 5 detected after anodizing for 500-720 s increase during further anodizing. The results suggest that the initially formed anodic oxide is amorphous, and the crystalline oxide develops when the current increase commences ( Fig. 1 ) at all temperatures. after anodizing for 5.4 ks at a lower temperature of 433 K (Fig. 5a ), although, from the XRD pattern ( Fig. 2) , crystalline oxide is developed. The absence of microcones on the film surface may be due to the presence of initially formed amorphous oxide at the outer part of anodic oxide film, which covers the crystalline microcones. To dissolve the amorphous oxide, the specimens anodized for 5.4 ks at 433 K were further simply immersed in the electrolyte at the same temperature for 1.8 ks ( Fig. 5b ) and 3.6 ks (Fig. 5c ).
Morphology of anodic oxide films
The microcones appear partly after immersion for 1.8 ks and completely after immersion for 3.6 ks. When the same anodized specimen was immersed in the electrolyte at a higher temperature of 443 K, the dissolution rate of amorphous layer was enhanced and microcones were fully disclosed on surface after immersion only for 1.8 ks (Fig. 5d ).
The changes in the surface morphology with anodizing temperature, anodizing time and subsequent immersion in electrolyte are summarized in Fig. 6 . The necessary anodizing time to disclose microcones is only 2.7 ks at 453 K, but increases to 5.4 ks at 443 K. No microcones appear on film surface below 443 K even after anodizing for 5.4 ks, due to slow chemical dissolution of initially formed amorphous oxide. Additional immersion in the electrolyte discloses the microcones on the film surface. The total anodizing and immersion time necessary to see microcones at 428 K is 11.4 ks, which is more than 4 times that at 453 K. In contrast to the marked change in the anodizing and immersion time for fabrication of microcones, the morphology of microcones is little influenced by the temperature of anodizing. The sizes of the microcones are similar at all temperatures examined and in a range of 5 to 20 m in size. Cross-sectional images (Fig. 7 ) also disclose the similar morphology of microcones formed at different temperatures. All the microcones consist of highly branched nanofibers of niobium oxide, as seen in high magnification SEM image shown in Fig. 8a . The nanofibrous structure is also obvious from a cross-sectional SEM image shown in Fig. 8b .
The microcones should be formed as a consequence of preferential chemical dissolution of initially formed amorphous nanoporous oxide layer. However, crystalline microcones themselves suffer from chemical dissolution. Prolonged anodizing or immersion after disclosing microcones on surface changes their morphology ( Fig. 6 ).
Nanofibers disappear after longer anodizing and/or immersion at and above 443 K, and crack-like features of micrometer size are found in individual microcones and at boundaries of neighboring microcones. Thus, crystalline niobium oxide is also not so highly stable in the electrolyte at elevated temperatures, although the dissolution rate should be lower than that of the respective amorphous oxide.
Discussion
The present study revealed the formation of anodic niobium oxide microcones in phosphate-glycerol electrolyte at temperatures ranging from 428 K to 453 K. The microcones consist of highly branched nanofibrous oxide, which should be crystalline microcones appear on the film surface [19] . Due to accelerated chemical dissolution at higher temperatures, microcones are visible at shorter anodizing time or shorter immersion time by increasing temperature, although chemical dissolution of crystalline oxide is also not negligible at least at and above 443 K (Fig. 6 ).
It is known that crystallization of anodic niobium oxide proceeds during formation of nonporous-type, so called barrier-type anodic oxide films in aqueous electrolytes [25] [26] [27] [28] [29] [30] .
Even for the barrier-type anodic oxide films, the initially formed anodic oxide films are amorphous, and crystalline oxide nucleates during anodizing. The crystallization is accelerated by increasing the formation voltage and anodizing temperature [26] . It has been proposed that an air-formed oxide, which is present before anodizing, becomes a nucleation site of crystalline oxide [30] . However, that is not the case of the present porous anodic oxide film, since the thin air-formed film should dissolve chemically before nucleation.
Electrolyte species, generally incorporated into the barrier-type anodic oxide films formed at ambient temperature, impede the nucleation of crystalline oxide [30] [31] [32] . Higher amounts of electrolyte species are generally incorporated at lower temperatures [33, 34] . In contrast, negligible incorporation of phosphate has been reported in the anodic niobium oxide films formed in hot phosphate-glycerol electrolyte [16] . The formation of relatively pure Nb 2 O 5 with little phosphate incorporation at all temperatures may be one of the reasons for the formation of similar morphology of microcones at all temperatures.
Conclusions
Self-organized nanoporous anodic oxide films with microcone-type surface morphology of 5-20 m in size are fabricated by anodizing at 10 V in glycerol electrolyte containing 0.6 mol dm - 
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